Abstract: Poly(butylene terephthalate) (cPBT) synthesized from cyclic Butylene Terephthalate oligomers (CBT) was used as a matrix for carbon fibre (CF) conducting polymer composites (CPC). DSC, rheological studies and measurements of torque of CBT/CF were performed in order to optimise the processing conditions of CPC. DC and AC measurements were carried out for these composites and have shown a low percolation threshold for cPBT/CF.
Introduction
Electrical properties of composite materials based on conducting particles dispersed in an insulating polymeric matrix have been intensively studied during the last two decades (e.g. Mamunya et al. [1] ). The electrical properties of the composite may vary from those of an insulating material to those of a conducting system depending on the concentration and on the properties of the conducting additives (e.g. Jiang et al. [2] ). The effect can be explained by the formation of a percolative path of the conducting network through the insulating matrix for a concentration corresponding to the percolation threshold (e.g. Stauffer G. [3] ). One important technological goal is to achieve the lowest percolation threshold in the composite, to keep the mechanical properties and to lower the price of such materials.
Polymer composites based on oligomers with low viscosity represent a special interest in Polymer Science and Technology (e.g. Ishak M. et al. [4] , Tripathy A. et al. [5] , Liu Y. et al. [6] ). Their use must provide effective dispersion of particles in polymer matrix. The recently developed macrocyclic ester oligomers such as cyclic butylene terephthalate oligomers (CBT) have some important advantages for thermoplastic polymer composites processing: low viscosity (water-like), the capability of rapid polymerization into poly(butylene terephthalate) (cPBT) and the ability to be processed like thermoset resins. 
Results and discussion
CBT160 resin is a mixture of the organic molecules with the oligomerization degree n = 2-7 that is already mixed with catalyst Fascat 4101. As it is shown on the Fig. 1 , CBT converts into linear cPBT under the action of catalyst and heat. It should be noted that the presence of moisture partially inhibits the catalyst action (e.g. Hakme C. et al. [7] ). CBT160 used in this work was dried for 12 hours at 80° C under vacuum.
To prepare CPC Conductive Polymer Composite, it is necessary to analyze the thermal and viscosity behaviours of the matrix at different temperatures in order to establish the processing parameters of the composites.
First of all, thermal characterization of the CBT160 was performed by differential scanning calorimetry and it is shown in the Fig. 2 that the cyclic resin melts at around 140 °C.
Fig. 2. DSC thermogram of CBT160.
This melting is followed by an exothermal signal that corresponds to a domain where both the polymerization and the crystallization occur together (e.g. Hakme C. et al. [7] ). Finally, the melting of the obtained cPBT is observed around 230 °C.
The evolution of the viscosity of the dried CBT160 heated at different temperatures is shown in Figure 3 . During polymerization at 240°C viscosity increases from very low values (0,01 Pa.s) to 4000 Pa.s. At lower temperatures the viscosity increases in two steps: a first step of viscosity increase is explained by the growth of molecular weight
Poly(bulylene terephthatate) and it is followed by the second step of viscosity increase due to the isothermal crystallization of obtained c-PBT.
The evolution of the viscosity of dried CBT160 during mixing in batch-mixer can be also expressed by the force applied to the rotors that is shown on Fig. 4 . When the mixing is performed at lower temperatures the torque increases dramatically due to polymerization of CBT160 and crystallization of cPBT formed. The torque becomes constant with the time and then begins to decrease which can be attributed to degradation of the polymer obtained. When the blends are prepared at higher temperatures such a tendency becomes weaker and at 240°C no crystallization during polymerization is observed. From such results the time of mixing was optimized to 13 min. In order to prevent the crystallization process during polymerization we used a mixing temperature slightly higher than T m of cPBT, i.e. 240 °C.
Then, the composite materials based on CBT160 and CF was studied by Direct Current (dc) and Alternating Current (ac) measurements by two point methods.
If the applied voltage is sufficiently low, conduction regime is ohmic. For higher voltage, the current becomes nonlinear (e.g., Seanor D. A. Below percolation threshold, the slopes of AC measurements of the conductivity curves are roughly linear that is commonly observed for a wide range of highly resistive materials. As the conductive filler concentration increased, the shape of ac conductivity curve changes and represents a constant variation with frequency. For comparison we have reported DC and AC conductivity on Fig. 6 ., both measurements show that the percolation threshold is observed for a weight fraction of CF of around 3%.
Plots of the dielectric constant versus the frequency are given in Figure 7 . We have chosen to present these plots to understand the behavior of a conducting and insulating heterogeneous medium. At fixed frequencies, 100 Hz, for example, the dielectric constant (ε) increases slowly with increasing of CF concentration from low values, ε = 3.2 for neat cPBT up to the percolation threshold (around ε = 10) and then more rapidly above the percolation threshold (up to ε = 55). Above this value the material exhibits the properties of semi-conductor or conductor. By controlling weight fraction and dispersion and approaching the percolation threshold we can obtain polymer composite with a giant permittivity. As a conclusion we can say that the novel approach was applied for CPC preparation. The DSC and rheological studies were performed in order to optimize the processing parameters of CPC. The results of electrical measurements show that percolation threshold of cPBT/CF corresponds to CF concentration of 3 wt. % and has conductivity 1,07x10 -7 S/cm according to DC results (Fig. 6 ).
Experimental part
The polyester resin (cyclic butylene terephthalate) produced by Cyclics Corporation was used in this work. The polymerization of this cyclic material is done using a Fascat 4105 catalyst (0.4 % wt) already mixed with the CBT and named CBT160. The carbon fiber with filament diameter of 7 μm and L/D=900 was supplied by Toho Tenax Europe, Germany.
Differential scanning calorimetry was performed on a Perkin-Elmer Diamond DSC.
Rheological measurements were accomplished with the help of two plate rheometer.
CPC were prepared using Rheomix 600 Haake batch mixer. Processing parameters for cPBT/CF preparation were as follows: materials temperature 240°C, mixing time 13 min. CF content in samples was from 0,5 to 10 wt. %. The samples were then pressed at 250 °C in sample mould with thickness 0,5 mm between two steel plates covered with teflon sheets. Cooling to the room temperature (25 °C) was accomplished with the rate of 9 °C/min during 25 min.
Torque-time dependence was measured during samples preparation in Haake batch mixer.
Samples were analyzed under DC with Keithley 237 device in the I-U mode under the tension ranging from -200 to 200 V under percolation threshold and -10 to 10 V above percolation (due to limitation of the power of electric source) in two points configuration.
The AC conductivity measurements were performed in the frequency range between 10 -1 and 10 -6 Hz using a Novocontrol Broadband Dielectric Spectrometer.
